The presence of a-and f3-adrenergic and muscarinic cholinergic re ceptors in cerebral microvessels of the rat and pig was assessed by ligand binding techniques. The results demonstrate the presence of specific binding to a2-and f3-adrenergic receptors but no appreciable specific binding to a, adrenergic or muscarinic cholinergic receptors. f3-Adrenergic receptors of pig cerebral microvessels are similar to those of the brain and other organs in their binding characteristics to the tritiated ligand and in their stereospecificity of binding to the biologically active isomers of f3-adrenergic agonists. Further evidence derived from the differential potency of binding displacement by the various f3-adrenergic agonists and selective 131-and f32-adrenergic antagonists indicates that f3-adrenergic receptors of pig cerebral microvessels are mostly of the f32-subtype.
blood vessels is comparable to that of other well innervated vessels of other organs (Nielsen and Owman, 1967; Rosenblum, 1976) . Despite the ex tensive morphological evidence, the functional sig nificance of noradrenergic innervation of cerebral circulation remains controversial (for contrasting points of view, see reviews by Heistad and Marcus, 1978, and Purves, 1978) , since neither stimulation nor ablation of sympathetic pathways results in consistent and definite changes in cerebral blood flow or metabolism. Also, direct application of nor epinephrine (NE) to pial vessels in vivo (Raper et aI. , 1972; Wahl et aI., 1972) yields little or no effect, while the in vitro sensitivity of extraparenchymal cerebral arterial segments to NE and other sym pathomimetic agents varies widely depending on the species of experimental animal and conditions of the study Bevan, 1976, 1979) . This, in addition to the ob-servation that cerebral arteries exhibit little stereospecificity in their response to NE (Duckles and Bevan, 1976) , lead to the suggestion that norad renergic receptors of cerebral vessels may be highly unusual or even absent (Edvinsson and Owmari, 1974; Heistad and Marcus, 1978) .
The above-mentioned studies mainly involved ce rebral vessels larger than 100 /Lm in diameter be cause of their easy accessibility, although smaller arterioles and capillaries may be hemodynamically more important (Shapiro et aI., 1971) . The recent availability of methods for bulk isolation of cerebral microvessels (Goldstein et aI. , 1975; Betz et aI. , 1979) allows the assessment and characterization of adrenergic and cholinergic receptors of cerebral microvessels in a direct manner. This can be achieved by assaying the specific binding of radiolabeled ligands to (l!-and f3-adrenergic and muscarinic cholinergic receptors to cerebral micro vessels. Preliminary reports suggest the presence of adrenergic receptors in cerebral microvessels (Banerjee et aI., 1980; Harik et aI., 198(kz,b; Peroutka et aI. , 1980) . In this study, we extend these findings and characterize the binding properties of adren ergic receptors of cerebral microvessels of the rat and the pig.
METHODS

Isolation of Cerebral Microvessels
One hundred and fifty male Wistar rats (150-200 g) and 36 young pigs (15 -25 kg) of both sexes were used. The rats were killed by decapitation. The pigs were exsanguinated at a local slaughter house. The brains were quickly removed and the cerebral man tles dissected free of meninges and choroid plexus and immersed in ice-cold, oxygenated modified Ringer's buffer (buffer A) containing NaCI, 147 mM; KCI, 4 mM; CaCI2, 3 mM; MgCI2, 1. 2 mM; glucose, 5 mM; HEPES buffer, 15 mM; and bovine serum al bumin, 1 % w/v, and adjusted to pH 7.4.
All procedures for the micro vessel preparation were carried out at 0-4°C as previously described (Goldstein et aI. , 1975; Betz et aI. , 1979) with few modifications. In brief, cortical mantles of 5 -7 rats were homogenized in 10 vol of buffer A in a motor driven glass homogenizer tube with a 0.25-mm clearance Teflon pestle at 420 rpm and 20 up-and down strokes. Pig cerebral mantles were homoge nized in 10 vol of buffer A at high speed in a Waring blender for periods of 10 s repeated 3 times at 1-J Cereb Blood Flow Me/abol. Vol. /. No. 3, /98/ min intervals. Homogenates were centrifuged at 1000 x g for 10 min and the precipitates resus pended in 5 vol (based on the original weight of tissue) of modified Ringer's buffer containing 25% (w/v) bovine serum albumin (buffer B). The suspen sion was then centrifuged at 1000 x g for 15 min and the buffer and the material floating on top of it dis carded by aspiration. The precipitate, consisting of microvessels and free nuclei and erythrocytes, was resuspended in buffer A and passed through 1. 2 x 1. 5-cm columns containing washed glass beads, 0. 25 mm in diameter. The microvessels attach themselves to the beads and are eventually re covered by gentle agitation of the glass beads in buffer A. The microvessels were separated from glass beads by decanting. A small aliquot was used to assess the purity of the preparation as described below. The rest of the microvessels were centrifuged at 500 x g for 10 min and the pellet washed in normal saline and resuspended in 0. 05 M Tris buffer, pH 7.4, to achieve a final con centration of 0. 5 -1 mg microvessel protein/ml. Protein was measured according to the method of Lowry et al. (1951) using bovine serum albumin as standard. This separation procedure yields about 0.2 mg of microvessel protein per gram of cerebral cortex.
Microscopic Evaluation of
Cerebral Microvessels
The purity of the micro vessel preparation was as sessed with or without histological fixatives by dif ferential interference contrast (Zeiss-Nomarski) mi croscopy. Formalin-fixed specimens were stained with cresyl violet. Occasionally, gluteraldehyde fixed preparations were studied by scanning elec tron microscopy, and thin sections of Epon embedded material were examined in the transmis sion electron microscope.
Preparation of Cerebral Cortex Particulate
Fractions for Receptor Binding Assays
Portions of the frontoparietal cerebral cortex of the rat and pig were stripped of the overlying meninges and quickly frozen and stored at -70°C. For the binding assays the tissues were thawed on ice and homogenized in 20 vol 0.05 M Tris buffer, pH 7. 4, in a Brinkman Polytron and centrifuged 15 min at 49,000 x g. All procedures of the binding assay were carried out at 0-4°C unless stated otherwise. The pellet was washed twice and then suspended in 100 vol of the Tris buffer.
Receptor Binding Assays
[3H] phenoxyethyl amino) methyl benzodioxane), specific activity 25 Cilmmol; p-[3H]aminoclonidine, specific activity 23. 8 Cilmmol; [3H]dihydroalprenolol (DHA), spe cific activity 47 -52 Cilmmol; and [3H]quinuclidinyl benzylate (QNB), specific activity 29. 4 Cilmmol, were purchased from New England Nuclear Corpo ration and used as tritiated ligands for ac, a2-, and p-adrenergic and muscarinic cholinergic receptors, respectively. The procedures used in the binding assays to particulate fractions of cerebral cortex have been described before (Sharma et aI., 1979 (Sharma et aI., , 1981 . The cerebral microvessel preparations were homogenized in 0. 05 M Tris buffer, pH 7. 4, in a Brinkman Polytron. Binding assays were made by incubating suspensions of particulate fractions of cerebral cortex or microvessel preparation con taining 0. 25 -1 mg protein with the appropriate radioactive ligand for 20 min for adrenergic recep tors and 60 min for cholinergic receptor at 25°C in the presence or absence of receptor agonists and antagonists as required for the individual experi ment. The incubation volume varied between 0. 25 and 1 ml. The concentrations of the tritiated ligands and the various agonists and antagonists used are listed in the figures and table describing specific experiments. At the end of incubation, the reaction mixture was filtered under reduced pressure through Whatman glass fiber filters (GF/B) and the filters rinsed four times with 4 ml of ice-cold Tris buffer. The filters were dried and their tritium con tent assayed in a liquid scintillation spectrometer at about 30% efficiency.
Corrections were made for nonspecific radioac tive accumulation, which was determined by measuring tritiated ligand binding in parallel incu bations that contained large excesses (1 mM) of NE in ac and p-adrenergic-receptor binding experi ments. Yohimbine (10 /-tM) was used to define nonspecific binding for a2-adrenergic receptor and oxytremorine (1 mM) for nonspecific binding to the muscarinic cholinergic receptor. Specific binding, defined as the difference between total and nonspecific binding, was 60-70% of the total bind ing for WB-4I01 and DHA, about 50% for p aminoclonidine, and 90% for QNB. In some ex-periments, alprenolol (1 /-tM) and phenotolamine (1 /-tM) were used to determine nonspecific binding of [3H]DHA and [3H]WB-4IOI, respectively, in paral lel experiments with NE (1 mM). Results of the nonspecific binding in the presence of NE were very similar to results obtained in the presence of alprenolol and phentolamine. All assays were done in duplicate with less than 10% interassay varia tions.
The dissociation constant (Kd) of receptor-ligand interaction and the maximal binding (B max) of ligand to receptor were calculated as described by Scatch ard (1949) .
RESULTS
Microvessel Morphology
The purity of microvessel preparations was as sessed morphologically. The preparation consisted of segments of microvessels (capillaries and ar terioles) that varied from 4 to 30 /-tm in diameter. Representative micrographs of the micro vessels are shown in Fig. 1 . Occasionally, erythrocytes were seen within the microvessel lumen. Although exact quantitation was not attempted, the majority of the microvessels were below 10 /-tm in diameter. Mi crovessels larger than 15 /-tm in diameter often had smooth muscles in their walls, identified by their striations. The microvessel preparations were free of identifiable neuronal or glial elements. A small amount of unidentifiable debris and free nuclei was noted, but we estimate that this contributed about 3 -5% of the preparation.
Light microscopy of fixed preparations showed the microvessels to be relatively intact, with well preserved endothelial cells and basement mem brane. Electron-microscopic examination revealed that the microvessels retained easily identifiable cellular margins and intracellular organelles (Fig. 2) , although some damage was induced during separa tion procedures as evidenced by swelling of mito chondria and disruption of lysosomes. The results of binding experiments of various ligands to cerebral cortex and cerebral micro vessel preparations are shown in Table 1 . Despite the marked preponderance of aI-adrenergic and mus carinic cholinergic receptors in the cerebral cortex FIG. 1. Top: Light micrograph, interference contrast, of isolated rat brain microvessels. They range in diameter from 4 to 16 J.Lm in this field. The larger vessels have adherent smooth muscle cells. As seen by the background, the extent of contamination of the preparation is very low. Bottom: Light micrograph, interference contrast, of a group of very small diameter capillaries (4-6 J.Lm) from rat cerebrum. These capillaries, consisting only of endothelial cells with no adherent muscle cells, are the most prominent constituent of the preparation. of rat and pig, it is clear that much less specific binding to these receptors occurs in cerebral micro vessels obtained from both of these species. The specific binding of [3H]QNB to microvessels of rat and pig amounted to about 2% of the specific bind ing to cerebral cortex. The specific binding of [3H]WB-4101 to rat cerebral microvessels was un detectable, while in the pig, the specific binding to microvessels amounted to about 15% of the specific 1981 binding to cerebral cortex. It is difficult to conclude from these results whether the relatively low bind ing of [3H]WB-4101 and [3H]QNB to cerebral mi crovessels represents actual specific binding to sparse £xcadrenergic and muscarinic cholinergic re ceptors of cerebral microvessels or is due to con taminating material.
In contrast, the specific binding of p-[3H]amino clonidine to pig cerebral microvessels and [3H]DHA FIG. 2. In thin sections of pelleted rat brain capillaries fixed for electron microscopy, the capillaries generally appear to be intact, although the isolation procedure often induces some damage to mitochondria. Each capillary is surrounded by an intact external lamina.
binding to cerebral microvessels of rat and pig is quite evident (Table 1) . Actually, in the pig, there is higher [3H]DHA specific binding to cerebral microvessels than to cerebral cortex when results are expressed per milligram of tissue protein (Table 1) .
Because of the low yield in obtaining cerebral microvessels, binding studies in rat microvessels were restricted to a single concentration of the ligands at a concentration higher than the Kd• Re sults of the kinetic analyses of ligand binding to pig cortex and pig cerebral micro vessels are shown in Table 1 . Figure 3 shows Scatchard plots of one such experiment studying [3H]DHA binding to particu late fractions of pig cerebral cortex (Fig. 3, left) and to pig cerebral microvessels (Fig. 3, right) . The dis sociation constants and the maximal number of binding sites are similar in both preparations.
Stereospecificity of PH]DHA Binding to Pig
Cerebral Microvessels
One of the necessary conditions to be satisfied for a number of receptors assayed by ligand binding is stereospecificity (Burt, 1978) . In pig cerebral cor tex, [3H]DHA binding decreases in the presence of biologically active agonists such as I-epinephrine (E), 1-NE, and 1isoproterenol (Iso). The biologi cally inactive isomers, d-E, d-NE, and d-Iso are much less effective in competing with ['lH]DHA for binding sites. Similar results were obtained in pig mi crovessels, proving stereospecificity of the specific binding of [3H]DHA to microvessels. The results for 1and d-Iso displaceable binding are shown in Fig.  4 . The 1D50 concentration for I-Iso was 1. 3 jJ.-M, while that of the biologically inactive d-isomer was higher than 1 mM-a lOOO-fold difference. The concentration of DHA ranged between 0.5 and 4 nM. The points represent the mean of triplicates at each concentration of DHA. Lines of best fit were computer-generated by analysis of linear regression. This experiment was repeated a total of 3 times.
The apparent mean Kd and 8m•x values are detailed in Table 1 .
fH]DHA Binding to Pig Cerebral Microvessels in the Presence of Selective p-Adrenergic
Receptor Agonists and Antagonists
There is increasing evidence for the presence of two subtypes of l3-adrenergic receptors in different tissues (Lands et aI., 1967; Hancock et aI., 1979; Minneman et aI. , 1979a.b) . Adrenergic receptors of I3csubtype are found in heart and in adipose tissue and are stimulated by Iso> E = NE. In contrast, 132-adrenergic receptors are found in skeletal muscle and liver and are stimulated by Iso > E > NE. Thus, determination of the apparent affinity of 13adrenergic receptors of cerebral micro vessels to different adrenergic agonists may reveal the nature of the l3-adrenergic-receptor sUbtype. The ID50 val ues for the displacement of [3H]DHA to 13adrenergic receptors in pig cerebral microvessels were found to be 0. 7, 5, and 25 JLM fori-Iso, I-E, and 1-NE, respectively (Fig. 5) . These results suggest 
DISCUSSION
There is little doubt that the cerebral vasculature is densely innervated by noradrenergic terminals (Nielsen et al. , 1971; Owman et al., 1974; Heistad and Marcus, 1978; Kuschinsky and Wahl, 1978; Purves, 1978) . This innervation originates in the ip silateral cervical sympathetic ganglia (Nielsen and Owman, 1967) and the nucleus locus ceruleus (Hartman et al., 1972; Edvinsson et al., 1973; Raichle et al., 1975) . Whatever the origin of their innervation, bulk-isolated cerebral microvessels were found to contain NE and enzymes for its syn thesis and breakdown (Lai et aI., 1975) . If norad renergic innervation of the cerebral microcircula tion has any physiological significance, then recog nition or "receptor" sites for NE must be present on the cell membranes of the vessels in question. Attempts to study these noradrenergic receptors have been made in larger vessels both in vivo (Raper et aI. , 1972; Wahl et aI., 1972) and in vitro (Ed vinsson and Owman, 1974; Bevan, 1976, 1979) . In both types of experiments, contrac tion of the arteries was the only biological response that was monitored. This approach to the study of adrenergic receptors can only investigate the rela tively larger blood vessels. More importantly, these studies assumed that the biological response of the cerebral vasculature to noradrenergic innervation is contraction, with resultant alterations in vessel caliber, vascular resistance and cerebral blood flow. It is possible that noradrenergic innervation of ce rebral microvessels increases capillary surface area without a major effect on cerebral blood flow. In fact, Raichle et aI. (1975) and Grubb et aI. (1978) demonstrated that the major biological response of cerebral vasculature to central and peripheral noradrenergic stimulation is increased capillary permeability to water.
In this report we have assessed, by ligand bind ing, the presence of ac, a2-, and ,8-adrenergic and muscarinic cholinergic receptors in cerebral mi crovessels of rat and pig. We found relatively little specific binding of tritiated ligands to ai-adrenergic and muscarinic cholinergic receptors in cerebral mi crovessels despite the preponderance of these re ceptors in cerebral cortical tissue of both species studied.
[3H]QNB binding to muscarinic cholinergic receptors of micro vessel preparations was about 2% of that in cerebral tissue. It is hard to make a defini tive statement as to whether cerebral microvessels are sparsely endowed or entirely devoid of mus carinic cholinergic receptors. It is perhaps appro priate to comment that cholinergic innervation of intraparenchymal cerebral microvessels has not been definitively demonstrated (Edvinsson, 1975) .
[3H]WB-4IOI binding to microvessels was unde tectable in the rat and about 15% of that of cerebral cortex in the pig. Preliminary results from our labo ratory suggest that [3H]WH-4IOI binding to pig mi crovessel preparations vary from one preparation to another depending on whether or not the pia and superficial blood vessels were thoroughly removed. Binding was found to be higher in microvessel prep-J Cereb Blood Flow Metabol, Vol. 1. No. 3, 1981 arations in which the pia and superficial vessels were not completely removed. This may suggest that in the pig, ai-adrenergic receptors may be abundant in pial and superficial vessels but not in intraparenchymal cerebral microvessels.
a2-Adrenergic receptors were present in pig cere bral microvessels, amounting to about 60% of that in the cerebral cortex. ,8-Adrenergic receptors were present in cerebral microvessels of both rat and pig. In fact, pig cerebral micro vessels had a slightly higher density of ,8-adrenergic-receptor binding sites than pig cerebral cortex (Table 1 ). In pig cere bral cortex and microvessels, the ,8-adrenergic re ceptors demonstrated very similar kinetic prop erties of binding (Table 1 and Fig. 3 ) and stereo specificity (Fig; 4) . Studies of the displacement of [3H]DHA binding to cerebral microvessels by the various ,8-adrenergic-receptor agonists (Fig. 5 ) and by selective antagonists (Fig. 6 ) strongly suggest that the ,8-adrenergic receptors of pig cerebral mi crovessels are of the ,82 variety.
The significance of our results is strengthened by recent reports that demonstrate the presence of catecholamine-activated adenylate cyclase in brain microvessels (Baca and Palmer, 1978; Herbst et aI., 1979; Huang and Drummond, 1979; Nathanson and Glaser, 1979) . This adenylate cyclase is activated by ,8-adrenergic agonists but not by a-adrenergic agonists (Herbst et aI., 1979; Huang and Drum mond, 1979; Nathanson and Glaser, 1979) and is blocked by the ,8-adrenergic antagonist propranolol but not by the a-adrenergic antagonist phen tolamine (Baca and Palmer, 1978; Herbst et aI. , 1979; Huang and Drummond, 1979; Nathanson and Glaser, 1979) . Furthermore, Nathanson (1980) re cently reported that the agonist and antagonist properties of the catecholamine-sensitive adenyl ate cyclase of cerebral microvessels are very similar to those of ,82-adrenergic receptors and ,82-stimulated adenylate cyclase present in other tissues. These results probably relate to our demonstration of ,82adrenergic receptors and the paucity of ac adrenergic receptors in cerebral microvessels. Our results, however, conflict, in part, with the recent report of Peroutka et aI. (1980) , who found higher binding of [3H]WB-4101 to bovine cerebral mi crovessels. This discrepancy may be due to species differences or to variations in the methods employed to isolate cerebral microvessels.
The exact anatomical location of a2-and ,82adrenergic-receptor binding sites in cerebral mi crovessels must await further studies. Whether they are located on endothelial cells, basement mem brane, pericytes, or on the smooth muscles of small arteries and arterioles remains unknown. The func tional role of these receptors in the control of cere bral circulation is also ambiguous. The pioneering work of Raichle et al. (1975) and Grubb et al. (1978) , demonstrating increased permeability of cerebral microvessels to water after locus ceruleus and cer vical sympathetic stimulation, opens a new avenue that should be pursued.
We speculate that the finding of 0!2-and f32adrenergic receptors on cerebral microvessels and further understanding of their exact functions may help provide a rational therapeutic approach to dis orders of cerebral vascular regulation and may also explain the empirical clinical observations that clonidine and propranolol are useful in the treat ment of migraine and other vascular headaches.
